Cytochrome c (Cyt c) was rapidly oxidized by molecular oxygen in the presence, but not absence of PEG. The redox potential of heme c was determined by the potentiometric titration to be +236 ± 3 mV in the absence of PEG, which was negatively shifted to +200 ± 4 mV in the presence of PEG. The underlying the rapid oxidation was explored by examining the structural changes in Cyt c in the presence of PEG using UV-visible absorption, circular dichroism, resonance Raman, and fluorescence spectroscopies. These spectroscopic analyses suggested that heme oxidation was induced by a modest tertiary structural change accompanied by a slight shift in the heme position (<1.0 Å) rather than by partial denaturation, as is observed in the presence of cardiolipin. The near-infrared spectra showed that PEG induced dehydration from Cyt c, which triggered heme displacement. The primary dehydration site was estimated to be around surface-exposed hydrophobic residues near the heme center: Ile81 and Val83. These findings and our previous studies, which showed that hydrated water molecules around Ile81 and Val83 are expelled when Cyt c forms a complex with CcO, proposed that dehydration of these residues is functionally significant to electron transfer from Cyt c to CcO.
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5 contribution of dehydration from the hydrophobic region around the surface-exposed heme periphery to ET to CcO in terms of the heme's redox potential.
Materials and methods

Protein expression and purification
Native and 15 N-labeled human Cyt c were expressed in Escherichia coli and purified as previously described [11, 12] . Briefly, Rosetta2(DE3)pLysS (Novagen, Madison, WI) cells transformed with the plasmids containing human Cyt c [25] DNA were inoculated in 5 mL 2xYT medium and grown overnight. This pre-cultured medium was added to 1 liter 2xYT or M9 medium containing 15 N-ammonium chloride, and the bacteria were further incubated at 37°C. The expression of Cyt c was initiated by adding 0.8 mM isopropyl
1-thio--D-galactopyranoside to the culture when the optical density at 600 nm reached 0.6.
Then, 0.1 mM -aminolevulinic acid was added to promote heme biosynthesis. After incubation for an additional 24 h in the 2xYT medium or 72 h in the M9 medium, the cells were harvested by centrifugation.
The cell pellet was resuspended in 50 mM Tris-HCl (pH 7.5) containing 1 g L -1 lysozyme, 50 mg L -1 DNase I, and 50 mg L -1 RNase A and suspended for 3 h to lyse the cell pellet completely. The supernatant of the crude extract was obtained by centrifugation at 18,000 rpm for 5 min and 40,000 rpm for 1 h. The supernatant was purified using a HiPrep 16/10 SP XL column (GE Healthcare, Uppsala, Sweden) with a linear salt gradient of 1-300 mM NaCl.
The elution sample was concentrated by Amicon ultrafiltration using 5 kDa cutoff membranes.
The concentrated Cyt c was a mixture of ferric and ferrous forms, so the Cyt c was stirred in a 10 potassium ferricyanide solution for 1 h. After dissolving in a 50 mM sodium phosphate buffer (pH 7.0), Cyt c was further purified using a Mono S 10/100 GL column (GE
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6 Healthcare) with a linear salt gradient of 1-300 mM NaCl. The purified Cyt c fractions were pooled, concentrated, and applied to a HiLoad 16/60 Superdex 75 gel filtration column (GE Healthcare).
Site-directed mutagenesis
Mutagenesis was conducted utilizing a PrimeSTAR mutagenesis basal kit from Takara Bio (Otsu, Japan). DNA oligonucleotides were purchased from Eurofins Genomics (Tokyo, Japan).
The mutated genes were sequenced to ensure that only the desired mutations were introduced (Eurofins Genomics).
Ferrous Cyt c autoxidation kinetics
The ferrous Cyt c autoxidation kinetics were studied using a Hitachi U-3310 UV-visible spectrophotometer (Tokyo, Japan) at 293 K in a 50 mM sodium phosphate buffer (pH 7.0).
Ferrous Cyt c was prepared by reducing ferric Cyt c with sodium dithionite, and excess reductant was removed using a PD MiniTrap G-25 column (GE Healthcare). The concentration of PEG 4000 or trehalose (Wako Pure Chemical Industries, Osaka, Japan) was varied between 0 and 20%. Oxidation of Cyt c was monitored by measuring the absorbance at 550 nm after adding ferrous Cyt c to the reaction solution at a final concentration of 3 M.
The absorption at 550 nm was recorded in intervals of 0.5 s over 5 min. The end point of Cyt c autoxidation was determined by adding a small amount of potassium ferricyanide to the reaction solution.
Absorption spectroscopy
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The absorption spectra were collected using a Hitachi U-3310 UV-visible spectrophotometer from solutions prepared at 293 K in 50 mM sodium phosphate buffer (pH 7.0). Spectra were recorded between 250 and 700 nm or 600 and 800 nm in intervals of 1 nm or 0.2 nm, respectively. The PEG 4000 concentration was varied between 0 and 20%, and the Cyt c concentration was 8 M (for the 250-700 nm measurement) or 0.3 mM (for the 600-800 nm measurement).
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded using a JASCO J-1500 CD spectrometer ), calculated using the JASCO software.
Resonance Raman spectroscopy
Resonance Raman spectra were recorded using a single monochrometer (SPEX500M, Jobin Yvon, Edison, NJ) equipped with a liquid nitrogen-cooled CCD detector (Spec-10:400B/LN, Roper Scientific, Princeton, NJ). Samples were excited at a wavelength of 441.6 nm delivered by a helium-cadmium laser (IK5651R, Kimmon Koha, Tokyo, Japan).
The laser power at the sample point was adjusted to 5 mW. Raman shifts were calibrated using indene and CCl4. The accuracy of the well-defined Raman band peak positions was ± 1
The PEG 4000 concentration was varied between 0 and 5%, and the Cyt c concentration was 50 M.
Fluorescence spectroscopy
Fluorescence measurements were collected using a JASCO FP-8500 spectrofluorometer from solutions prepared at 293 K in 50 mM sodium phosphate buffer (pH 7.0). Unpolarized emission spectra were recorded between 300 and 450 nm using a 280 nm excitation wavelength and a scan speed of 200 nm/min. The excitation and emission slit widths were 5 and 10 nm, respectively. Each spectrum represents the integration of three consecutive scans.
The measurements were carried out in the absence or presence of 6 M Cyt c with 0, 5, or 10% PEG, and the spectra of the PEG solution were subtracted from the spectra of the Cyt c-containing solution.
Near-infrared spectroscopy
Near-infrared spectra were recorded using a JASCO V-570 spectrometer with a 1 mm path length cuvette, using solutions prepared at room temperature in 50 mM sodium phosphate buffer (pH 7.0). Each spectrum represents the integration of three consecutive scans from 1300 to 1600 nm in 0.2 nm intervals, with a scan speed of 200 nm/min. The spectral bandwidth was fixed at 2.0 nm. The measurements were carried out in the absence or presence of 50 M Cyt c and 0, 5, or 10% PEG, and the spectra of the PEG solutions were subtracted from the spectra of the Cyt c-containing solutions.
NMR spectroscopy
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T and 300 complex points were set for the 1 H and 15 N dimensions, respectively [11] .
After identifying the amide signals based on sequential assignments and peak fits using SPARKY, the PEG-induced changes in the backbone amide proton and nitrogen chemical shifts in Cyt c were determined. 1 H and 15 N chemical shifts were combined using the following equation [27] to calculate the composite chemical shifts.
All NMR samples used for the 1 H measurements contained 0.15 mM oxidized Cyt c, 10 or 20% PEG and 5% D2O in 50 mM sodium phosphate buffer (pH 7.0). 1 H NMR measurements were performed using an Agilent Unity INOVA 600 spectrometer. Chemical shifts were referenced to the signals obtained from 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). A series of 1 H NMR experiments was performed using a presaturation pulse program with a spectral width of 80 ppm. Significant signals from PEG were suppressed by adding a WURST-2 pulse 2 ppm wide and centered at 4.23 ppm.
Potentiometric titration
Potentiometric titrations were performed in an anaerobic cuvette at 293 K with continuous flow of humidified nitrogen gas. A three-electrode configuration of consisted of a platinum wire meshes as a working electrode, a platinum wire meshes as a counter electrode, and Peltier-type temperature control system. The potential of electrode was decrease in 50 mV steps until the protein was fully reduced and increased stepwise until reoxidation was complete. The ratio of reduced heme was calculated by deconvoluting each absorption spectrum into two components-an absorption spectrum at -100 mV (defined as 100% reduced heme) and one at 500 mV (defined as 100% oxidized heme) Heme reduction was monitored by the increase in the -band absorption at 550 nm, where the absorption of the mediators was negligible compared to that of the protein. Potential values were described relative to the normal hydrogen electrode (NHE) by adding 197 mV to the imposed potentials.
The titration data were analyzed by fitting with the Nernst equation for a single-electron process.
Results
Electron transfer from Cyt c in the presence of PEG
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We investigated whether the oxidation rate of the human Cyt c heme iron increased upon the addition of PEG 4000 by measuring the apparent oxidation rate of Cyt c in the presence of PEG. This was achieved by monitoring the absorbance at 550 nm. The absorbance at 550 nm of Cyt c decreased over time in the presence of PEG (Figure 1 ), whereas the absorbance at 550 nm in the absence of PEG remained constant over 1 week. By contrast, Cyt c was not oxidized in the absence and presence of PEG under anaerobic condition, indicating that the heme of Cyt c was oxidized by molecular oxygen (O2) only in the presence of PEG. To estimate the apparent oxidation rate of reduced Cyt c by O2, kapp, the absorbance change at 550 nm measured at 1 s intervals over 300 s was fit to the following equation:
where Abs550(t) is the absorbance at 550 nm as a function of time, A is a constant related to the initial absorbance, and B is the final absorbance, respectively. The kapp in the presence of 10% PEG was estimated to be 0.0031±0.0001 s -1 using equation 2. These results indicated that Cyt c was oxidized almost completely within approximately 20 min. These results suggested that PEG significantly promoted electron flow from Cyt c to molecular oxygen, leading to oxidation of the Cyt c heme.
Structural properties of Cyt c in the presence of PEG
The driving force underlying the rapid oxidation of Cyt c in the presence of PEG was investigated by first considering the possibility that PEG partially denatured Cyt c. Figure 2A plots the absorption spectra of ferric Cyt c in the region between 250 and 700 nm. In the presence of 5-20% PEG, almost no shift in the Soret peak at 409 nm was observed,
suggesting that a dramatic conformational change around the heme center did not occur. We next confirmed whether Met80, a heme ligand, dissociated from the heme by observing the
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A C C E P T E D M A N U S C R I P T 12 absorbance at 695 nm, which was derived from the S(Met80) → Fe charge-transfer transition. As shown in Figure 2B , the peak at 695 nm was not significantly affected by the concentration of PEG up to 20%, indicating that Met80 did not dissociate from the heme.
These results clearly indicated that PEG did not partially denature Cyt c.
We characterized the structure of Cyt c in the presence of PEG using a variety of spectroscopic techniques. As shown in Figure 2C , the CD spectra in the far-UV region were insensitive to the PEG concentration, indicating that the secondary structure of Cyt c was not altered by the addition of PEG. In the absence of PEG, we observed a slightly asymmetric, negatively biased couplet with a minimum at 417 nm and a maximum at 406 nm in the Soret region of the CD spectrum ( Figure 2D ), in agreement with results obtained from horse heart
Cyt c [28] . These signals did not change significantly with the PEG concentration up to 20%, consistent with the results observed in the absorption spectra ( Figure 2A ). We further measured the resonance Raman spectra of Cyt c. In the low-frequency region, some heme peripheral modes such as methyl, propionates, and thioether bonds, are observed [29] .
Because some amino acid residues in Cyt c interact with the heme peripheral groups, we examined whether the PEG induced a structural change that alters such interactions. Figure   2E and 2F show the resonance Raman spectra of oxidized and reduced Cyt c in the absence and presence of PEG, respectively. The sharp bands at 396 and 691 cm -1 in the oxidized state and 391 and 689 cm -1 in the reduced state corresponded to the vibrations of the thioether linkages [ (C CaS)] and C-S stretching (CaS), respectively [29] . The intensity and frequency of these bands in a 20% PEG solution were very similar to those observed in the absence of PEG ( Figure 2E and 2F). The spectroscopic data shown in Figures 2C, 2D , and 2E suggested that the geometry around the heme did not undergo a dramatic change upon the addition of PEG.
Next, we investigated whether tertiary structural changes, causing rapid autoxidation, occurred in Cyt c using fluorescence resonance energy transfer (FRET) measurements. The
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FRET efficiency (E) is determined by the fluorescence intensity transferred from a donor molecule to an acceptor molecule, and can be described as:
where R0 and r are the fluorophore pair Förster distance and donor-to-acceptor separation distance, respectively. Assuming that the orientations of the dipole moments of the donor and heme are not altered during a conformational change, the fluorescence intensity from the donor would depend only on the distance between the donor and the heme according to an We investigated whether conformational changes in Cyt c could be induced by the addition of other crowding agents. We selected trehalose as a second test crowder because it affects hydration in a manner that is distinct from that of PEG [31, 32] . The fluorescence spectra of the D2W mutant in the presence of trehalose showed that the fluorescence intensity at 350 nm did not change significantly ( Figure S4 ), indicating that the conformational changes accompanied by the change in the distance between Trp2 and heme did not occur in the presence of trehalose.
We further observed the oxidation reaction of Cyt c in a solution containing 5-20%
trehalose by monitoring the absorbance at 550 nm. In contrast with the PEG solution, the absorbance at 550 nm did not change ( Figure S5 ), indicating that trehalose did not promote oxidation of the Cyt c heme. Thus, the conformational changes associated with the displacement of the heme were induced only by the addition of PEG.
Observation of dehydration induced by PEG
Recent studies have proposed that high concentrations of several macromolecules or cosolutes should reduce the dielectric constant of an aqueous solvent, thereby inducing dehydration and conformational changes in proteins [15, 16] . It is known that addition of 40%
PEG causes the decrease in the relative dielectric constant of aqueous solution from 80 to 56
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15 [33] , whereas 40% trehalose causes the decrease to 70 [34] , indicating that the effect of on the relative dielectric constant was larger when PEG was added. Because heme is a strongly hydrophobic molecule, it prefers more hydrophobic environment. Therefore, the slight decrease in the dielectric constant can be one of the key factors for heme-displacement of Cyt c.
Based on these studies and the fact that PEG promotes dehydration at a protein surface [22] [23] [24] , it is possible that PEG induced conformational changes in Cyt c by perturbing the hydration environment around the protein. We examined PEG-induced dehydration from Cyt c using near-infrared (NIR) spectroscopy. Figure 4A shows the NIR spectra of 50 M Cyt c in a 50 mM sodium phosphate buffer. The broad band at 1450 nm corresponded to a combination of symmetric and asymmetric stretching vibrations in the water molecules 37 . The structural properties of the water molecules that hydrated Cyt c were investigated by subtracting the NIR spectrum of the buffer from that of Cyt c ( Figure 4B ). The difference spectrum revealed a positive peak at 1412 nm and a negative peak at 1490 nm, which were assigned to vibrations from the weakly and strongly hydrogen-bonded water, respectively [35, 36] . The peaks at 1412 and 1490 nm in the difference spectrum between 10 M Cyt c and the buffer were smaller than those in the difference spectrum between 50 M Cyt c and the buffer. The peaks at 1412 and 1490 nm were postulated to be derived from water molecules that hydrated Cyt c. The difference spectra shown in Figure 4B reflect a structural change in the water molecules surrounding Cyt c: an increase in the number of the weakly hydrogen-bonded water molecules and a decrease in the number of the strongly hydrogen-bonded water molecules, upon the addition of Cyt c.
We next investigated the effect of PEG on the hydration state of Cyt c. We measured the NIR spectra of the buffer and 50 M Cyt c in the presence of 5% PEG. Figure 4C shows the difference spectra obtained by subtracting the spectrum of the buffer from that of Cyt c in a PEG solution. The positive peak at 1412 nm decreased significantly in the presence of 5%
PEG. This difference spectrum was similar to the difference spectrum obtained by subtracting the buffer spectrum from the Cyt c spectrum obtained in a 10% PEG solution. These results suggested that most of the water molecules that were weakly hydrogen-bonded to Cyt c were detached from the surface by PEG.
Identification of the dehydration sites that caused heme displacement
The dehydration sites on Cyt c were identified by focusing on the amino acid residues on the surface of Cyt c. As shown in Figure S6 , most residues on the surface were hydrophilic, including lysine and arginine, and only a few hydrophobic residues were present near the heme. Our previous studies suggested that Ile81 and Val83 significantly contributed to the stabilization of the Cyt c-CcO complex by forming hydrophobic interactions upon dehydration [11, 12] . We investigated whether the hydrophobic residues near the heme formed the primary dehydration region by performing site-directed mutagenesis experiments. Ile81
and Val83 was replaced with serine to alter the nature of hydration around position 81. Prior to verifying the hypothesis, the 1 H-15 N HSQC spectrum of the I81S mutant was measured to investigate the influence of the mutation on its tertiary structure. As shown in Figure S7 , the chemical shift changes from several residues around the mutation site including near the heme periphery were observed. However, the resonance from Arg38, which is known to form a hydrogen bond with the propionate group of heme [37] , did not shift, indicating that the tertiary structure of the I81S mutant was quite similar to that of WT.
We first measured the NIR spectra of the I81S mutant in the absence of PEG. The coli. Considering that Val83 was also located near the heme ( Figure S6 ), we constructed a V83S/D2W double mutant. The 1 H-15 N HSQC spectrum of this mutant was also superimposable with that of WT Cyt c except the region around mutation site, meaning that the tertiary structure of the V83S/D2W mutant was also similar to that of WT. Figure 5B shows the fluorescence spectra of the V83S/D2W mutant in the presence of PEG. The fluorescence maximum at 350 nm, derived from Trp2, did not change significantly with the addition of PEG up to 20%, in contrast with the D2W mutant Cyt c (Figure 3 ). This result clearly indicated that the mutation of Val83 to serine suppressed the heme displacement. We also measured the NIR spectrum of the V83S mutant, showing that the difference spectrum, which was obtained by subtracting the spectrum of the buffer from that of the V83S mutant, was indistinguishable from that of the I81S mutant: a positive peak at 1412 nm was not observed ( Figure 5A ). These results suggest that the WT Cyt c heme position change in the presence of PEG was induced by dehydration around certain hydrophobic residues, including Ile81 and Val83.
The contributions of the heme displacement to the rapid autoxidation of heme were assessed by observing the oxidation of the I81S and V83S mutants in the 20% PEG solution. Figure 6C plots a comparison of the absorbance change at 550 nm for these mutants relative to that obtained from the WT after the addition of PEG. The observed oxidation rates of these
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18 mutants decreased significantly compared to that of the WT ( Figure 5C ). The NIR spectra of the I81S mutant ( Figure 5A ) and FRET measurements of the V83S/D2W mutant ( Figure 5B) proposed that the reduced oxidation rates of these mutants resulted from suppressed heme displacement upon introduction of a hydrophilic serine moiety at the protein surface.
Conformational changes in Cyt c associated with a change in the heme position
We measured the two-dimensional 1 H-15 N HSQC spectra of 15 N-labeled Cyt c in the absence or presence of 20% PEG to evaluate the changes in Cyt c induced by PEG. Figure 6A plots a superposition of the 1 H-15 N HSQC spectra of the oxidized Cyt c in the presence or absence of PEG. The addition of PEG increased the rotational correlation time by increasing the viscosity, resulting in overall line broadening. A specific decrease in the peak intensity was also observed in the resonances from Cys14, Cys17, His18, Thr19, Val20, Gly29, Glu61, Gly77, Thr78, Lys79, Met80, Ile81, and Phe82, most of which were located near the heme.
In addition to the specific line broadening, some peaks displayed chemical shift perturbations upon the addition of PEG, reflecting environmental changes. Figure 6B plots the chemical shift perturbations measured at the backbone amides of Cyt c upon the addition of PEG. The N-H cross-peaks from Met12, Gln16, Cys17, His18, Arg38, Gly56, Glu61, Gly77, Phe82, Val83, and Lys86 were substantially shifted. These chemical shift changes were interpreted as local tertiary conformational changes and/or direct contact with PEG. In fact, several reports have proposed that longer chain PEG (e.g. PEG 5,000) can nonspecifically interact with hydrophobic proteins due to the presence of a hydrophobic methylene group in PEG [38] [39] [40] . In our study, however, the residues perturbed by the presence of PEG included several surface-exposed hydrophilic residues (Gln16, Glu61, and Lys86) as well as hydrophobic residues, suggesting that PEG did not specifically perturb the hydrophobic residues. Moreover, the residues exhibiting the chemical shift perturbations upon the addition
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19 of PEG were mainly gathered in the heme periphery region ( Figure 6C ). These chemical shift changes were, therefore, interpreted as resulting from local perturbations in the surface-exposed residues rather than from nonspecific direct contact with PEG.
As described above, the distributions of chemical shift perturbations induced by PEG were mapped onto the structure of Cyt c, as shown in Figure 6C . Most of the perturbed residues were located near the exposed hydrophobic heme edge, in agreement with results reported from Saccharomyces cerevisiae Cyt c [41] . Considering that PEG induced changes in the heme position (Figure 3 These results of the HSQC spectra in the I81S mutant implied that the perturbation of heme also occurred in the I81S mutant. In this mutant, however, the chemical shift changes observed in Gly77, Val83, and Lys86, which are located near heme, decreased substantially compared to the changes observed in WT Cyt c. The spectroscopic data obtained from the I81S mutant suggested that the PEG-induced changes in the local protein conformation around the mutation site were specifically suppressed by the presence of serine. Suppression
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20 of the tertiary conformational changes in the I81S mutant reflected the independence of the autoxidation rate from the PEG concentration.
We measured the 1 H NMR spectra of Cyt c in the presence of PEG to investigate the PEG-induced environmental changes around the heme in Cyt c. As shown in Figure S10 , the signals from the porphyrin ring (3-methyl, 8-methyl, and 7-propionate) and axial ligands (His18 and Met80) shifted as the PEG concentration increased. The signal from the 3-methyl group on the heme, in particular, displayed a more prominent shift than was observed from 8-methyl or 7-propionate. Considering that the surface-exposed hydrophobic residues (Ile81 and Val83) were located near the 3-methyl ( Figure S6 ), these data support the suggestion that the addition of PEG induced tertiary conformational changes around Ile81 and Val83 near the 3-methyl group of heme.
Influence of heme-displacement on its redox potential
Finally, we conducted spectroelectrochemical redox titration of Cyt c in the absence and presence of PEG to investigate the effect of the PEG-induced tertiary structural change of Cyt c on the rapid oxidation. The plots of the relative ratio of the reduced heme against the measured potential in the absence or presence of PEG are shown in Figure 7A and 7B, respectively. For the titration, the fit of the relative ratio of the reduced heme to the Nernst equation yielded midpoint reduction potential, Em. As shown in Figure 7A and 7B, the reductive and oxidative titration curves were superimposed, which indicates that the redox process was reversible. In the absence of PEG, the Em potential of Cyt c was estimated to be +236 ± 3 mV vs NHE ( Figure 7A ), in agreement with the results obtained from horse heart
Cyt c of +235 mV [42] . On the other hand, the Em potential of human Cyt c in the presence of 20% PEG was found to be +200 ± 4 mV vs NHE ( Figure 7B ). This corresponded to a downshift by approximately 40 mV of Cyt c upon the addition of PEG.
A C C E P T E D M A N U S C R I P T 21
Discussion
Explanation for the rapid autoxidation of heme iron in the presence of PEG
In this paper, we found that the heme iron of Cyt c was rapidly oxidized in the presence of 5-20% PEG (Figure 1 ). The oxidation rate of reduced Cyt c was recently reported to increase through interactions with the mitochondrial lipid, cardiolipin (CL) [43, 44] . The absorption spectra of reduced Cyt c in the presence of 200 M CL exhibited a blue shift in the Soret maximum, from 413.5 to 408.5 nm, which suggested that CL induced a conversion to a non-native state [44] [45] [46] . In this case, the absorbance at 695 nm decreased as the CL concentration increased. Additionally, the CD signal was altered from a couplet to a positive Cotton effect band, reflecting a transition from a native state to a partially unfolded state [44, 46, 47] . Especially, Bradley reported that in the reduced Cyt c-CL complex, the major conformer (80%) contains high-spin heme iron, suggesting that heme is predominantly five-coordinate, but not six-coordinate, in the presence of CL and thus readily binds small exogenous ligands such as O2 [48] . Basova et al. measured the redox potential of Cyt c in the presence of CL using cyclic voltammetry and showed a negative shift in the redox potential by 350-400 mV upon binding to CL-containing membranes. They further found that the reduction rate of Cyt c in the presence of CL was 60-fold smaller than that in the absence of CL [49] . These extensive measurements indicated that the interactions between Cyt c and CL induced partial denaturation around the heme and were associated with the disruption of the Fe-Met80 linkage, resulting in a negative shift in the redox potential and a decrease in the reduction rate of Cyt c.
In the presence of PEG, neither the absorption nor CD spectra of Cyt c changed (Figure 2A , 2B, and 2D). The resonance Raman spectra of both oxidized and reduced Cyt c in the presence of PEG were almost identical to those in the absence of PEG ( Figure 2E and 2F). readily form O2-bound heme, as is observed in myoglobin and hemoglobin. In the presence of PEG or sugar, such as fructose and glucose, the solubility of O2 is decreased [50, 51] , which should lead to slower autoxidation. However, PEG induced a significant increase in the autoxidation rate ( Figure 1 ). Previous studies of cytochrome b5 (Cyt b5) autoxidation showed that Cyt b5 is rapidly oxidized under aerobic conditions without partial denaturation, despite including six-coordinate bis-His ligation [52] . They suggested that the iron-O2 bond is neither a prerequisite nor an intermediate for Cyt b5 autoxidation. In our study, the mechanism by which Cyt c was autoxidized in the presence of PEG is analogous to that of Cyt b5, in which electron transfer occurs via an outer sphere pathway.
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On the other hand, the decreased absorbance at 550 nm for the I81S and V83S mutants upon the addition of PEG was significantly suppressed compared to that observed for the WT Cyt c ( Figure 5C ), indicating that the observed Cyt c oxidation rate decreased upon mutation of the surface-exposed residues (Ile81 or Val83) near the heme with serine. Furthermore, the NIR difference spectra obtained by subtracting the spectrum of the buffer from that of the I81S and V83S mutants in the absence or presence of PEG did not exhibit a positive peak at 1412 nm, observed in WT Cyt c with a decreased intensity upon the addition of PEG ( Figures   4C and 5A ). These results suggested that hydrated water molecules around the mutation site at position 81 were not dehydrated, even in the presence of PEG, unlike the results observed for WT. Altogether, dehydration from Ile81 and Val83 is likely to be a key contributor to the
increased Cyt c oxidation rate.
Conformational changes in Cyt c induced by dehydration
The effects of dehydration from the surface-exposed hydrophobic residues (Ile81 and Val83) on autoxidation were investigated by examining the tertiary structural changes observed in Cyt c in the presence of PEG. As shown in Figure 3 , the fluorescence intensity at 350 nm from Trp2 was gradually quenched by heme as the PEG concentration increased, indicating a shortening of the distance between Trp2 and heme. Considering that Trp2 was exposed to solvent, and the fluorescence maximum of Trp2 was not shifted by the addition of PEG, a decrease in the fluorescence intensity at 350 nm appeared to originate from tertiary conformational changes accompanied by displacement of the heme. High concentrations of PEG are known to induce a decrease in the dielectric constant in an aqueous solvent, causing dehydration from the surfaces of proteins [16, 22] . A recent study of the structures of several polypeptides in a cellular environment suggested that a decrease in the dielectric constant alters the polypeptide conformation and exposes its hydrophobic components to solvent [15] .
A notable structural characteristic of Cyt c is that the hydrophobic 3-methyl group of the c-type heme is fully exposed to solvent ( Figure S6 ). Hydrophobic surface residues, such as Ile81 and Val83, are proximal to the 3-methyl group of heme, and mutation of these residues to serine was found to suppress heme displacement ( Figure 5B ).
The NMR spectra of WT Cyt c in the presence of PEG revealed that the N-H cross peaks from the residues near the 3-methyl group of heme, Met12, Gln16, Cys17, Phe82, and Val83, were substantially shifted upon the addition of PEG ( Figure 6B and 6C), and mutation of Ile81 to serine reduced the chemical shift perturbations of Phe82 and Val83 ( Figures 6D and   6E ). The signal from the 3-methyl group of heme exhibited a substantial shift upon the addition of PEG ( Figure S10 ). These results suggested that the addition of PEG dehydrated
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24 the hydrophobic surface residues near the 3-methyl group of heme, Ile81 and Val83, leading to a change in the heme position ( Figure 8A ).
The NIR difference spectrum obtained by subtracting the spectrum of the buffer from that of the Cyt c solution in the presence of trehalose ( Figure S11 ) was similar to that obtained from the I81S and V83S mutant: the positive peak at 1412 nm was not observed. These results indicated that the structure of the hydration water molecules did not change by the addition of Cyt c in the presence of trehalose. Furthermore, as shown in Figure S4 and S9, the conformational changes accompanied by the heme displacement were not observed in the presence of trehalose. 
Functional significance of dehydration to electron transfer
Finally, we deduced the contribution of the heme displacement induced by dehydration from Ile81 and Val83 to the increase in the oxidation rate of Cyt c. The oxidation/reduction rates of Cyt c are known to be dominated by its redox potential [49] and/or small changes in the tertiary structure [53] . Gray and co-workers analyzed the redox potentials of eight structurally characterized c-type cytochromes and proposed that the redox potentials of Cyt c could be tuned by roughly 500 mV by varying the heme exposure to solvent [54] . Fantuzzi et al. investigated the relationship between the reduction potential and the accessible surface area (ASA) of the Cyt c553 heme [55] . They mutated Met23 or Gly51, which are located near heme and exposed to solvent, to Cys residues and constructed M23C-M23C or G51C-G51C homodimers through specific disulfide bridge formation to decrease the ASA of heme. 
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Conclusion
In summary, we unexpectedly found that the Cyt c heme was rapidly oxidized in the presence of PEG. The molecular mechanism underlying the Cyt c autoxidation was explored by characterizing the structure of Cyt c in the presence of PEG. UV-visible absorption, CD, and resonance Raman spectra of Cyt c indicated that the rapid autoxidation was not derived from partial denaturation. Fluorescence spectra of the D2W mutant revealed a tertiary conformational change, including heme displacement, which was further supported by the NMR spectra collected in the presence of PEG. Our NIR spectra and various site-directed mutagenesis studies proposed that heme displacement in the presence of PEG was induced by dehydration from the surface-exposed hydrophobic residues (Ile81 and Val83) located near heme. Considering previous results, which indicated that these hydrophobic residues were the primary sites dehydrated upon formation of the complex between Cyt c and CcO, tertiary (A) (B)
